A magnetron discharge is characterized by drifts of the charged particles' guiding center, caused by the magnetic field, in contrast to unmagnetized discharges. Because of these drifts, a pronounced asymmetry of the discharge can be observed in a dual magnetron setup. In this work, it is found that the shape of the discharge in a dual magnetron configuration depends on the magnetic field configuration. In a closed configuration, strong drifts were observed in one preferential direction, whereas in a mirror configuration the deflection of the discharge was not so pronounced. Our calculations confirm experimental observations.
A dual magnetron configuration consists of two magnetrons in one reactor. It is used, for example, to enhance the process stability in industrial coaters where the power is switched between two cathodes consisting of the same material. 1 A second application is the deposition of alloys or complex oxides ͑see, e.g., Refs. 2-4͒.
There are two following possible magnetic field configurations in a dual magnetron setup: a closed or a mirror configuration. In a closed magnetic field configuration, the magnets of both magnetrons are mounted in the opposite way; the magnetic field lines go from one target to the other, so that the generated discharge is only confined between the targets of both magnetrons. In the case of a mirror configuration, the magnets of both magnetrons are mounted in the same way; the magnetic field lines go from the targets to the substrate, resulting in the formation of two separated discharges. This is nicely demonstrated by Musil and Baroch. 5 In a dual magnetron, an asymmetric behavior of the discharge is observed experimentally, 6 which is not yet completely understood. This asymmetry is probably caused by drifts of the charged particles' guiding center, and it can influence the discharge characteristics. Therefore, there is a need to deeply investigate these drifts and their effect on the plasma characteristics.
To elucidate the origin of this preferential drift of charged particles, a Monte Carlo ͑MC͒ model was developed to investigate the behavior of the fast electrons in an Ar/ O 2 direct current ͑dc͒ dual magnetron discharge. In a MC model, the particles ͑i.e., in this case electrons͒ are represented by a limited ensemble of superparticles, which are followed during their movement in the electric and magnetic fields. Their collisions are described by the MC collision algorithm. A detailed overview of the electron MC model can be found in Refs. 7-10.
When magnetic and/or electric fields are present, the charged particles' motion will be influenced by different types of guiding center drifts. 11, 12 Due to their lower mass, mainly electrons will be influenced by the magnetic field, and therefore we only focused on the electrons in this study. There are following three important drifts in a magnetron discharge:
This drift is caused by perpendicular electric and magnetic fields. The direction of the drift is determined by the vector product of these fields. Due to the electric field drift the electrons perform helical movements perpendicular to both E and B. ͑2͒ Gradient B (grad-B) drift: v ٌB = ͓͑W Ќ / q͒͑B ϫ ٌB / B 3 ͔͒. This drift occurs when the magnetic field varies in magnitude, causing a gradient in one direction. Such configuration causes a change in the gyro radius during one gyro period. Thus, a drift is created perpendicular to both B and grad-B. The direction of this drift depends on the charge of the particle. ͑3͒ Curvature drift:
This drift happens when the magnetic field varies in direction. If a magnetic configuration characterized by curved force lines with an equal curvature can be realized, a guiding center drift arises from the centrifugal force, F cf , felt by the charged particle as it moves along the magnetic field line. The direction of the drift is perpendicular to both B and the curvature force, and depends on the particle's charge.
In these formulas, q is the elementary charge, W Ќ , W ʈ are kinetic energies of the electron, perpendicular or parallel to the magnetic field line, respectively, m is the electron mass, R c is the radius of the curvature of the magnetic field line, and E and B are the electric and magnetic field, respectively. Besides the three drifts mentioned above, also polarization and general force drift are possible, 11, 12 but they are less important in direct current ͑dc͒ magnetron discharges.
The dual magnetron setup under study consists of two magnetrons positioned at angles of 45°with respect to the substrate, and is schematically presented in our previous work. 7 targets are made of Ti, with a radius of 25 mm. The electric and magnetic fields ͑both for a closed and a mirror configuration͒ are needed as input in the model, and are also presented in Ref. 7 .
The positions of the Ar + ions, which are created by electron impact ionization, are shown for both magnetic field configurations in Fig. 1 , when looking down at the plane of the target origins ͑xy-plane͒. It is clear that in the closed magnetic field configuration most of the ionization occurs in the -y part of the dual magnetron reactor, i.e., most of the electrons ͑and Ar + ions͒ are located on this side ͓see Fig.  1͑a͔͒ . This is in agreement with experimental results obtained by Baroch and Musil. 6 In the case of the mirror configuration, an asymmetry in one magnetron region is observed; for the left magnetron most ions ͑and therefore most electrons͒ are located in the +y part of the dual magnetron reactor and for the right magnetron in the -y area ͓see Fig.  1͑b͔͒ . For this case there is a symmetry with an inversion point located in the center of xy-plane ͓see Fig. 1͑b͔͒ . There are no experimental observations reported in literature for this configuration.
To investigate the reason of these preferential movements in the y direction, the separate drift velocities are studied. Figure 2 illustrates the y-component of the electric field drift ͑v E ͒ for both magnetic field configurations, plotted in the xz-plane. Note that the surface plots are taken at y =0 m ͑i.e., the symmetry plane of the dual magnetron reactor͒. The values of v E near the targets are very high ͑i.e., around 4.5ϫ 10 6 m / s; cf. Fig. 2͒ , and they are the same for the closed and mirror configuration. No asymmetry is observed here, as a result of the uniformity and symmetry of the magnetic field in this region ͑see also Fig. 1͒ . However, in the region between both magnetron areas, a different behavior is observed for the closed and mirror configuration. For the closed configuration ͓Fig. 2͑a͔͒, it is clear that v E reaches values in the order of 2000-5000 m/s in -y direction in the region between the two magnetron areas, whereas in the outer regions it can reach values up to 5 ϫ 10 4 m / s, but in the +y direction. In the mirror configuration ͓Fig. 2͑b͔͒, the magnitudes of v E in the region between both magnetron areas are in the order of 1 -2 ϫ 10 4 m / s, but in the -y direction for the left magnetron and in the +y direction for the right magnetron.
The two-dimensional profiles of the y-component of the grad-B drift ͑v ٌB ͒ are plotted in Fig. 3 ͑again in the xz-plane, at y=0 m͒ for both magnetic field configurations. In the closed field configuration ͓Fig. 3͑a͔͒, v ٌB is mainly directed in the -y direction in the area between the left and the right magnetron, and typically reaches values in the order of 10 5 m / s ͑up to 10 6 m / s͒, which is much higher than the corresponding v E values. This means that the electrons will be pushed strongly toward the -y direction in almost the whole area where the plasma is located. This is indeed clearly observed in Fig. 1͑a͒ . In the case of the mirror field configuration ͓see Fig. 3͑b͔͒ we can see a symmetry of v ٌB with an inversion point on z axis in the bulk area: above the left magnetron v ٌB is pointing to the +y direction, and at the right magnetron it is pointing to the -y direction. The magnitude of v ٌB can reach values up to 5 ϫ 10 5 m / s, which is also larger than the corresponding v E drift values ͓Fig. 2͑b͔͒. Therefore, also in the mirror configuration, the electrons will drift according to the v ٌB directions, but the effect will be slightly compensated by the v E drift, pointing in the opposite direction. The electron drift to the +y direction for the left magnetron, and the drift to the -y direction for the right magnetron were indeed observed in Fig. 1͑b͒ .
Estimating the values of the curvature drift ͑v R ͒ is rather difficult, because the radius of the curvature of the magnetic field line ͑R c ͒ and its components in x, y, z directions cannot easily be determined. However, we can roughly estimate the direction of v R and the magnitudes in some points. In the case of the closed field configuration, the pronounced curvatures of the magnetic field lines are located in the region between the two magnetrons ͑see also the presentation of the magnetic fields in Ref. 7͒ . We have analytically ͑approxi-mately͒ estimated that in the central area ͑around x = 0 m͒ the values of v R are between 50 and 500 m/s, and the direction of v R in the bulk area is toward the -y direction. In the case of the mirror field configuration ͑see also Ref. 7͒, the magnitudes of v R are approximately the same as in the closed field configuration, but the directions are in opposite way from each other; for the left side it goes to the +y direction, and for the right it goes to the -y direction. Since these v R values are very small, we expect that v R will not contribute to the total drift of the electrons.
In conclusion, an MC model was developed to study the electron behavior, and to investigate the three most important contributions to the electron drift, i.e., electric field drift, gradient magnetic field drift, and curvature magnetic field drift. It was found that v ٌB is the dominant drift in the area between the magnetrons, v E is up to ten times smaller in this region, and v R can be neglected. In the closed magnetic field configuration, the total drift in the bulk is pointing to the -y direction, causing a pronounced asymmetry of the discharge, as was indeed obvious from Fig. 1 . On the other hand, in the case of the mirror configuration, the total drift in the bulk is pointing to the +y direction for the left magnetron area and to the -y direction for the right magnetron area. However, in the mirror configuration, the magnitude of the drift is lower than in the closed configuration, so the particles deflection is less pronounced.
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